Tetracyclines affect prion infectivity
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Prion diseases are transmissible neurodegenerative disorders of
humans and animals for which no effective treatment is available.
Conformationally altered, protease-resistant forms of the prion
protein (PrP) termed PrPSc are critical for disease transmissibility
and pathogenesis, thus representing a primary target for thera-
peutic strategies. Based on previous findings that tetracyclines
revert abnormal physicochemical properties and abolish neurotox-
icity of PrP peptides in vitro, we tested the ability of these
compounds to interact with PrP5¢ from patients with the new
variant of Creutzfeldt-Jakob disease (vCJD) and cattle with bovine
spongiform encephalopathy (BSE). The incubation with tetracy-
cline hydrochloride or doxycycline hyclate at concentrations rang-
ing from 10 pM to 1 mM resulted in a dose-dependent decrease in
protease resistance of PrP5c. This finding prompted us to investi-
gate whether tetracyclines affect prion infectivity by using an
animal model of disease. Syrian hamsters were injected intracere-
brally with 263K scrapie-infected brain homogenate that was
coincubated with 1 mM tetracycline hydrochloride, 1 mM doxycy-
cline hyclate, or vehicle solution before inoculation. Hamsters
injected with tetracycline-treated inoculum showed a significant
delay in the onset of clinical signs of disease and prolonged survival
time. These effects were paralleled by a delay in the appearance of
magnetic-resonance abnormalities in the thalamus, neuropatho-
logical changes, and PrP5¢ accumulation. When tetracycline was
preincubated with highly diluted scrapie-infected inoculum, one
third of hamsters did not develop disease. Our data suggest that
these well characterized antibiotics reduce prion infectivity
through a direct interaction with PrP5¢ and are potentially useful
for inactivation of BSE- or vCJD-contaminated products and pre-
vention strategies.

rion diseases are a group of transmissible neurodegenerative

disorders including scrapie of sheep, spongiform encepha-
lopathy of cattle (BSE) and Creutzfeldt-Jakob disease (CJD),
fatal insomnia, and Gerstmann-Straussler—Scheinker disease in
humans. The pathogenic mechanism underlying these conditions
is a conformational conversion of the cellular prion protein into
disease-specific species (PrPS°) that possess abnormal chemico-
physical properties such as insolubility and protease resistance
(1) and accumulate in the brain in the form of amorphous
aggregates and amyloid fibrils (2). Evidence indicates that PrPSe
is responsible for neuronal degeneration and glial activation (3)
and is critical for disease transmissibility by converting the
cellular isoform of PrP into a likeness of itself (4, 5). Accordingly,
PrPS¢ represents a primary target for therapeutic strategies.

The urgency to identify and develop therapeutic compounds
has increased remarkably after the epidemic of BSE and the
appearance of a new variant of CJD (vCJD) that seem to be
causally linked (6-8). Since 1995, more than 110 vCJD patients
have been identified in Europe, and there is concern about a
future outbreak of this condition (9).

Several compounds have been found to antagonize prion
propagation in cellular and/or animal models of disease. These
molecules include polyanions (10-14), polyene antibiotics (15—
17), Congo red (18, 19), iododoxorubicin (20), tetrapyrroles (21,
22), branched polyamines (23, 24), and modified PrP peptides
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(25). Unfortunately, the suitability of these compounds for
therapy is limited, primarily because of inability to cross the
blood-brain barrier and/or severe toxicity. Recently, Korth and
coworkers screened a variety of drugs already used for treatment
of unrelated human disorders and known to penetrate the
blood-brain barrier. They found that tricyclic derivatives of
acridine and phenothiazine inhibit PrPS¢ formation in scrapie-
infected neuroblastoma cells (26), confirming earlier reports on
antiprion activity of these compounds (27-29).

In a previous study, we found that the well characterized
antibiotic tetracycline binds to synthetic PrP peptides, hinders
assembly of these peptides into amyloid fibrils, reverts the
protease resistance of PrPSc extracted from brain tissue of
patients with sporadic CJD, and prevents neuronal death and
astrocyte proliferation induced by PrP peptides in vitro (30).
These findings prompted us to investigate whether tetracyclines
alter the chemicophysical properties of PrPS¢ from vCID and
BSE and reduce prion infectivity.

Materials and Methods

In Vitro Conversion of Protease-Resistant PrP to a Protease-Sensitive
Form. PrP5¢ was partially purified from brain-tissue samples of
three patients with vCJD and one cattle with BSE after a
procedure described previously (31) with minor modifications.
Sample aliquots containing ~2 ng of PrPS¢ were incubated at
37°C for 48 h either in the absence or presence of tetracycline
hydrochloride or doxycycline hyclate at concentrations ranging
from 1 uM to 1 mM and then subjected to proteinase K digestion
(vCJID: 100 wg/ml; BSE: 20 ug/ml) at 37°C for 1 h. The digestion
was terminated by the addition of PMSF (1 mM final concen-
tration). Similar experiments were carried out by using whole-
brain homogenates instead of partially purified PrPSe.

To investigate whether tetracycline could be more effective
during PrPS¢ folding, partially purified PrPS¢ from vCID was
subjected to reversible denaturation with guanidine isothiocya-
nate (1 M final concentration) at 45°C for 1 h. The mixture then
was diluted to 0.75 M guanidine isothiocyanate by using TBS (10
mM TrissHCl, pH 7.5/150 mM NaCl) supplemented with 1.5
mM cetylpyridinium chloride, and tetracycline was added to a
final concentration of 20 nM. The samples were incubated at
37°C for 48 h, diluted further to 0.375 M guanidine isothiocya-
nate with TBS, and digested with proteinase K (100 pg/ml, 37°C,
1 h). After the addition of 1 mM PMSF followed by 270 nM
thyroglobulin, the proteins were precipitated with 4 vol of
methanol and resuspended in 20 ul of Laemmli sample buffer.

The amount of PrP remaining after proteolysis was assessed by
Western blot analysis using the monoclonal antibody 3F4
(1:50,000) for vCJD and the rabbit antiserum PrP 95-108
(1:10,000) for BSE (32, 33). Immunoreactive bands were visu-
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alized by enhanced chemiluminescence (Amersham Pharmacia),
and their average signal intensity was quantified by densitometry
as described (30). Values were expressed as percentage of signal
intensity of samples nontreated with tetracyclines, and the
significance of difference was assessed by Dunnett’s test. Control
experiments included (i) the incubation of samples with 1 uM to
1 mM gentamicin instead of tetracycline compounds, (if) the
addition of tetracycline or doxycycline to the samples immedi-
ately before proteinase K digestion, and (iii) the treatment of
proteinase K-digested samples with 3 M guanidine isothiocya-
nate, pH 2.5, for 10 min, followed by the addition of BSA to a
final concentration of 200 wg/ml and methanol precipitation,
before SDS/PAGE and immunoblot (34).

The effect of the compounds also was tested on PrPS¢ from
263K scrapie-infected hamsters. Tetracycline or doxycycline was
added to the samples (10™* brain homogenates) to a final
concentration of 1 mM. After incubation at 37°C for 24 h, 350-ul
aliquots were digested with proteinase K (50 pg/ml, 37°C, 30
min). The proteins then were precipitated with methanol, re-
suspended in sample buffer, and analyzed by Western blot using
the antibody 3F4.

Experimental Scrapie. Golden Syrian hamsters were injected in-
tracerebrally with the 263K strain of scrapie that had been
incubated with either the test compound or vehicle solution
before inoculation. Three experiments were carried out in which
the inocula were prepared as 10~# (experiment 1), 107> (exper-
iment 2), and 10~° (experiment 3) dilutions of brain homogenate
from scrapie-infected hamsters at the terminal stage of disease.
Tetracycline hydrochloride (experiments 1 and 3) or doxycycline
hyclate (experiment 2) was added to the homogenates at a final
concentration of 1 mM. After incubation at 20°C for 24 h, 30 ul
of homogenate were injected into the right cerebral hemisphere
of experimental animals. Control groups included hamsters
inoculated with (7) scrapie-infected brain homogenate preincu-
bated at 20°C for 24 h with vehicle solution instead of tetracy-
cline compounds (positive controls) or (i) noninfected hamster
brain homogenate (negative controls). The animals were ob-
served once a week to detect the onset and progression of clinical
signs of disease. The behavioral analysis included the evaluation
of reactivity to tactile and acoustic stimulation, posture, balance
and coordination, and the presence of tremors as described
previously (20). In experiments 1 and 3, three animals per group
(randomly selected before inoculation) were killed for neuro-
pathological and biochemical examination when clinical signs of
disease were first apparent in the positive controls. In experi-
ment 3, these animals were subjected to magnetic resonance
imaging (MRI) before being killed. All remaining hamsters were
analyzed at the terminal stage of the disease.

MRI. Hamsters were anesthetized with chloral hydrate, placed in
a Plexiglas frame to avoid movements, and examinedona 1.5 T
Philips ACS Magneton with a soft flexible coil, usually used for
imaging orbit. The sequences were as follows: coronal T1-
weighted images (fast-field echo: relaxation time 33, echo time
11, flip angle 30°, thickness 2 mm); coronal T2-weighted images
(turbo-spin echo: relaxation time 1,800, echo time 90, flip angle
90°, turbo factor 9, thickness 1.5 mm).

Neuropathology and Western Blot Analysis. At autopsy, the right
cerebral hemisphere, the brainstem, and cerebellum were dis-
sected at standard levels, fixed in Carnoy solution, and embed-
ded in paraplast, whereas the left cerebral hemisphere was
frozen and stored at —80°C. Eight-micrometer-thick serial sec-
tions from paraplast-embedded blocks were stained with hema-
toxylin/eosin and thioflavine S or incubated with a monoclonal
antibody to glial fibrillary acidic protein (Dako) (1:100 dilution)
or the anti-PrP antibody 3F4 (1:1,000 dilution). Immunoreac-
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tions were revealed by the Envision system for mouse immuno-
globulins (Dako) using 3-3'-diaminobenzidine as chromogen.
Negative control sections were incubated with normal mouse
serum as primary antibody. The specificity of PrP immunore-
activity was verified by absorption. The antibody 3F4 was
incubated with a synthetic peptide homologous to residues
101-119 of human PrP (10 mM) for 1 h at 37°C and then
overnight at 4°C. After centrifugation at 15,000 X g for 15 min,
the supernatant was used as primary antibody.

For immunoblot analysis, a 10% (wt/vol) homogenate of the
left cerebral hemisphere from each hamster was prepared in 10
mM Tris, pH 7.4/100 mM NaCl/10 mM EDTA/0.5% Nonidet
P-40/0.5% sodium deoxycholate. After centrifugation at 1,000 X
g for 10 min, the protein concentration in the supernatant was
determined by the bicinchoninic acid assay (Pierce). Samples
equivalent to 100 ug of protein were mixed with equal volumes
of twice the concentration of Laemmli sample buffer and
incubated with proteinase K (50 pg/ml) at 37°C for 1 h.
Proteolysis was terminated by the addition of PMSF (1 mM final
concentration). The samples were fractionated on 12.5% SDS/
polyacrylamide minigels under reducing conditions, electro-
phoretically transferred to poly(vinylidene difluoride) mem-
branes (Immobilon, Millipore), and probed with the antibody
3F4 (1:50,000). Immunoreactive bands were visualized with
enhanced chemiluminescence, quantified by densitometry, and
analyzed as described above.

Results

A distinctive feature of PrPS¢ is the partial resistance to pro-
teinase K digestion under conditions in which the cellular
isoform of PrP is degraded completely (1). This property likely
reflects a change in conformation and/or aggregation state and
is thought to underlie the accumulation of PrPS¢ in the brain,
leading to the disease state. To investigate whether tetracycline
compounds are able to affect protease resistance of PrPS¢ from
vCJD, the protein was partially purified from cerebral cortex of
three patients, incubated with tetracycline hydrochloride or
doxycycline hyclate at a concentration ranging from 10 uM to 1
mM, and then treated with proteinase K and analyzed by
Western blot. The incubation of PrPS¢ with either compound for
48 h resulted in decreased protease resistance (Fig. 1 4 and B).
This effect was dose-dependent, reaching almost 80% at the
highest drug concentration (Fig. 1C). Conversely, no changes
were observed when tetracyclines were added to the samples
immediately before proteinase K digestion or after incubation of
PrPS¢ with up to 1 mM gentamycin. To rule out the possibility
that these findings could be caused by overstabilization of PrPS¢
aggregates impeding the entry of the protein into the gel as
observed with Congo red (34), some samples were treated with
3 M guanidine isothiocyanate before SDS/PAGE. The results
were comparable to those observed without guanidine denatur-
ation. Tetracyclines were effective also on PrPS¢ partially puri-
fied from BSE and on whole-brain homogenates of vCJD, BSE,
and 263K scrapie-infected hamsters. In particular, the incubation
of a 10™* dilution of 263K scrapie-infected brain homogenate
with 1 mM tetracycline or doxycycline resulted in more than 90%
reduction in the protease-resistant core of PrPS¢ (data not
shown).

To investigate whether tetracycline could be more efficient
when the drug-to-protein interaction occurred during PrPSc
folding, PrPS¢ from vCJD was subjected to reversible denatur-
ation with 1 M guanidine isothiocyanate followed by renatur-
ation in the presence or absence of 20 nM tetracycline. Western
blot analysis of proteinase K-digested samples showed that the
fraction of PrPS¢ after tetracycline treatment was reduced to
56.4 £ 2.4% of control values.

These findings prompted us to examine whether the physico-
chemical changes of PrPS induced by tetracyclines were asso-
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Fig. 1. Tetracyclines revert the protease resistance of PrP5¢ from vCJD brains.
Immunoblot analysis of partially purified PrP5¢ from vCJD after incubation in
the absence (Ctr) or presence of tetracycline (A) and doxycycline (B), followed
by proteinase K digestion. The blots were probed with the antibody 3F4
(1:50,000). Molecular mass markers are indicated to the left. (C) Quantification
of the protease-resistant core of PrP5¢ in tetracycline- (Tetra) and doxycycline-
treated (Doxy) samples. The values were obtained by densitometric analysis of
immunoblots and are expressed as percentage of signal intensity of samples
nontreated with tetracyclines. The data are the mean = SEM of six experi-
ments from three different patients. °, P < 0.05, and *, P < 0.01 versus the
relevant control group (Dunnett’s test).

ciated with a decrease in prion infectivity. 263K scrapie-infected
brain homogenates from hamsters at the terminal stage of
disease were incubated with 1 mM tetracycline, 1 mM doxycy-
cline, or vehicle solution for 24 h and then inoculated intrace-
rebrally into Syrian hamsters. Both compounds significantly
delayed the onset of clinical signs of disease and prolonged
survival time. The magnitude of the effect depended on prion
titer. With a 10~# dilution of 263K scrapie-infected brain ho-
mogenate, the survival time of animals injected with untreated
(n = 15) or tetracycline-treated (n = 17) inoculum was (mean *
SEM) 128.8 = 2.3 and 139.4 + 2.9 days, respectively (P < 0.01
Student’s ¢ test). The incubation of a 107> brain-homogenate
dilution with doxycycline increased mean survival time by 58%
(from 130.0 = 6.0 to 205.0 = 10.0 days, P < 0.01 Student’s  test,
Fig. 24). When a 10~° brain-homogenate dilution was incubated
with tetracycline, one third of the hamsters did not develop
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Fig.2. Effectsof tetracyclineson survival of scrapie-infected Syrian hamsters.
(A) Survival time of hamsters injected intracerebrally with a 10~5 dilution of
263K scrapie-infected brain homogenate (shaded area) or the same inoculum
after incubation with doxycycline (white area). (B) Survival time of hamsters
injected intracerebrally with a 107° dilution of 263K scrapie-infected brain
homogenate (shaded area) or with the same inoculum after incubation with
tetracycline (white area).

disease (Fig. 2B). The difference in survival time reflected a
similar difference in incubation time, as revealed by the behav-
ioral analysis designed to detect early clinical signs of scrapie
infection such as hyperreactivity to tactile and acoustic stimu-
lation and abnormalities of posture, balance, and coordination.
The effects of tetracycline on disease onset were associated with
a delay in the appearance of MRI changes. It is known that
patients with vCJD have increased signal intensity in the thal-
amus on T2- and proton density-weighted images (35). Similar
changes are present consistently in 263K scrapie-infected ham-
sters, becoming detectable in the last part of the incubation
period, before the onset of clinical symptoms (unpublished
data). In experiment 3, three animals per group randomly
selected before inoculation were subjected to MRI at day 90,
when clinical symptoms first were apparent in the positive
controls. The study showed that the T2-signal hyperintensity in
the thalamus was remarkably less intense in the tetracycline-
treated group that in the positive controls (Fig. 3). After MRI,
these animals were killed for a comparative neuropathological
and biochemical investigation. PrP immunohistochemistry and
Western blot analysis revealed some variability within each
experimental group that was similar to the variability observed
in the survival time. Overall, however, the extent of PrPSc
accumulation in the brain was remarkably more abundant in the
positive controls than in tetracycline-treated hamsters, one of
which appeared to be unaffected (Fig. 4). This difference
between the two groups was paralleled by a difference in the
severity of spongiform changes and astrogliosis in the cerebral
cortex and subcortical gray structures.

Once the disease progressed and hamsters began to die of the
infection, the differences between groups in PrPS¢ accumulation,
spongiform changes, and astrogliosis were apparent no longer.
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Fig.3.

Effects of tetracycline on cerebral MRI changes in scrapie-infected hamsters. T2-weighted images of hamstersinjected intracerebrally with a 10~6 dilution

of normal brain homogenate (A), 263K scrapie-infected brain homogenate (B), or 263K scrapie-infected brain homogenate after incubation with tetracycline
(C) are shown. The MRI was carried out 90 days after inoculation. Note the striking difference in thalamic hyperintensity between tetracycline-untreated (B) and

tetracycline-treated (C) hamsters.

Discussion

This study shows that tetracyclines interact with PrPS¢ and render
it susceptible to proteolytic degradation. This effect was ob-
served on various types of PrPS¢ associated with spongiform
encephalopathies of human and animal origin and was similar in
partially purified preparations and whole-brain homogenates.
The decrease in protease resistance was accompanied by a
reduction in prion infectivity. In fact, preincubation of 263K
scrapie-infected brain homogenates with the compounds before
inoculation caused a delay in the appearance of clinical symp-
toms and prolonged survival time in recipient animals. The
effectiveness of tetracyclines depended on compound concen-

No treatment
kDa

tration and prion titer; in particular, when tetracycline was added
to highly diluted scrapie-infected brain homogenate, one third of
hamsters did not develop disease. This observation is relevant
particularly for acquired forms of prion disease such as iatro-
genic CJD, vCID, and BSE that occurred after exposure to
organic material containing presumably low prion levels. Ac-
cordingly, we advance that tetracycline antibiotics with well
characterized pharmacokinetic properties and safe toxicological
profile could be used for prion inactivation in potentially con-
taminated products of medical relevance and for prevention
strategies.

123 1

Fig. 4.

2 3

Effects of tetracycline on accumulation of PrP5¢in the brain of scrapie-infected hamsters. Shown are PrP immunoblot analysis and immunohistochemistry

of brain tissue of three hamsters (1-3) from the tetracycline-untreated (Upper) and tetracycline-treated (Lower) group with the antibody 3F4. The animals,
randomly selected before infection, were injected intracerebrally with a 10~ dilution of 263K scrapie-infected brain homogenate (Upper) or 263K scrapie-
infected brain homogenate after incubation with tetracycline (Lower) and killed 90 days after inoculation (experiment 3).
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The prolongation of incubation and survival times in experi-
mental scrapie after tetracycline treatment of prion-infected
inoculum was associated with a delay in the accumulation of
PrPS¢ in the brain as revealed by immunohistochemistry and
Western blot analysis. This effect was associated with a delay in
the appearance of histological signs of disease, i.e., gliosis and
spongiform changes. The variability in the extent of PrPSc
accumulation was paralleled by variability in survival of the same
group of tetracycline-treated hamsters. In particular, five of eight
animals developed disease over a large period, whereas the other
three were still healthy 500 days after inoculation and did not
show signs of prion infection at neuropathological and biochem-
ical examination. In a previous study we found that 263K
scrapie-infected hamsters consistently display MRI abnormali-
ties in the thalamus on T2-weighted images (unpublished data).
Of note, these changes are similar to those observed in vCJD (35)
and occur early, before the onset of clinical symptoms. On this
ground, we used MRI to analyze the effects of tetracyclines on
the development of prion-related brain modifications in living
animals and found a striking difference between tetracycline-
treated and tetracycline-untreated hamsters. Accordingly, we
suggest that MRI is an effective tool to follow onset and
progression of experimental scrapie and evaluate the effective-
ness of pharmacological treatments in a noninvasive form.

Tetracycline antibiotics were selected for study based on
structural homologies with antiprion compounds, in particular
with the aglycone moiety of the anthracycline iododoxorubicin,
and the availability of derivatives such as doxycycline and
minocycline known to have a favorable distribution in the central
nervous system. Tetracyclines show chemical analogies also with
other inhibitors of PrPS¢ formation and prion replication such as
Congo red, tetrapyrroles, and acridine derivatives. All these
molecules contain an extended hydrophobic core formed by
aromatic moieties with a large number of hydrophilic substitu-
ents conferring an amphiphilic character. It is conceivable that
these characteristics enable strong interactions between such
compounds and lipophilic domains of PrPS¢ and are important
structural features for the antiprion activity. This view is sup-
ported by a previous study with a synthetic peptide homologous
to the amyloid protein purified from Gerstmann-Stréussler—
Scheinker brains (i.e., residues 82-146 of human PrP; ref. 36) and
a fragment thereof comprising residues 106—126, which is highly
amyloidogenic, neurotoxic, and capable of activating astrocytes
and microglia cells in vitro (37-40). Tetracycline was found to
bind not only to PrP aggregates but also to oligomeric-
monomeric forms of the peptides, as revealed by fluorescence
microscopy and NMR spectroscopy, respectively. In particular,
the NMR data provided evidence for through-space interactions
between the compound and hydrophobic peptide domains (30).
This binding property was associated with the ability of tetra-
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cycline to prevent aggregation and acquisition of protease
resistance of PrP peptides, disrupt PrP peptides aggregates, and
inhibit neuronal death and astroglial proliferation induced by
PrP peptides (30). Further, tetracyclines reduce the protease
resistance of PrP5¢ from CJD, BSE, and 263K scrapie-infected
hamster, suggesting that the drug (although at high concentra-
tions) can disrupt PrPS¢ aggregates and/or destabilize PrPSc
conformation. Because the effect on protease resistance was
1,000-fold stronger when PrPS¢ was subjected to reversible
denaturation followed by renaturation in the presence of the
compound, it is conceivable that tetracycline also may act on
partially unfolded intermediates that are thought to play a
central role in the cellular isoform of PrP-to-PrPS¢ conversion
(41). Of note, the active concentration of tetracycline in the
denaturation-renaturation experiment was lower than the
plasma levels detected in man after a single oral dose of 250 mg
(42). Tetracycline was found also to prevent and revert aggre-
gation of B-amyloid peptides that accumulate in Alzheimer
brains (43), suggesting that the compound may be effective in
other neurodegenerative conditions caused by protein
misfolding.

In addition to a direct interaction with misfolded proteins,
tetracyclines may exert neuroprotective effects through indirect
mechanisms, as observed in a transgenic model of Huntington’s
disease (44) and an animal model of Parkinson’s disease (45).
Evidence suggests that the mechanisms of neuroprotection
involve inhibition of caspase-1, caspase-3, and inducible nitric
oxide (NO) synthase expression and/or NO-mediated toxicity.
These properties could be beneficial also in prion-related en-
cephalopathies, because PrP amyloid peptides have the ability to
induce caspase activation and NO synthase expression in vitro
(46, 47), and a large number of activated caspase-3-
immunoreactive cells have been observed in the brain of prion
disease patients (A. Migheli, personal communication).

In the light of our data and the results obtained by other
studies, tetracyclines should be reconsidered for pharmacolog-
ical effects independently from the antibiotic activity; in
particular, these drugs could be a therapeutic tool for neurode-
generative disorders associated with protein misfolding. In
prion-related encephalopathies, tetracyclines are immediate
candidates for prion inactivation in potentially contaminated
products and prevention strategies relevant to acquired forms of
disease.
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